Zirconia-based ceramics have attracted the attention of researchers because of their high biocompatibility, high flexural strength, and toughness. The development of computer-aided design/computer-assisted manufacturing (CAD/CAM) technologies has enabled the production of complete and partial coverage crowns and partial fixed dental prostheses from high-strength zirconia. [1] [2] [3] [4] [5] [6] [7] Zirconia ceramic occurs in 3 modifications: the monoclinic (m) phase (stable up to 1170 C), the tetragonal (t) phase (stable up to 2370 C), and the cubic (c) phase (stable up to 2680 C). The c phase has moderate mechanical properties, the m phase shows reduced mechanical performance and is less dense than the other modifications of zirconia, and the t phase provides superior mechanical properties. 1, 6, 8 In the dental industry, yttria partially stabilized t polycrystalline zirconia (Y-TZP) ceramic is commonly used. The t/m phase transformation of Y-TZP, which occurs through a martensitic diffusionless shear process can be induced by externally applied stress and is associated with a volume increase of up to 5%. 1, 6, [8] [9] [10] [11] The compressive stresses that are induced during this transformation oppose the propagation of cracks, thereby positively affecting the mechanical properties of zirconia-based ceramics. A more extensive t/m phase transformation has a catastrophic effect on the mechanical properties of zirconia ceramics. 6 Most dental ceramic restorations are composed of 2 layers of materials, the ceramic framework to carry the load and the veneer porcelain for the esthetics. Veneers used with zirconia frameworks are primarily composed of glass ceramics with minor compositional and microstructural differences, depending on the manufacturer. Kaoline, silica, and feldspar are the main components of veneering ceramics. Leucite-reinforced glass ceramics and the nanofluorapatite glass ceramics are used to fabricate zirconia restorations. 12 The fabrication of crowns and partial fixed dental prostheses involves a series of thermal treatments. The matching of the thermal expansion between the veneer and ceramic framework is critical for the avoidance of cracking after firing.
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DeHoff et al 13 outlined the dependence of the residual stresses on the coefficient of thermal expansion and the geometries of the specimens. In addition, the residual stress is dependent on the thermal conductivities of the materials due to a buildup of thermal gradients during cooling. Zirconia has a low thermal expansion, but its low thermal diffusivity results in a high tensile residual stress at the interface with the veneer. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Tholey et al 23 detected the occurrence of the t/m phase transformation at the stress interface and explained it by the presence of the liquid used to fabricate the veneering ceramics. The aim of this study was to investigate, by using Raman spectroscopy, the occurrence and extent of the phase transformation in Y-TZP ceramic at the veneer-framework interface. [24] [25] [26] [27] [28] [29] [30] The working hypothesis was that the buildup of the residual stresses at this interface during the firing procedures for the preparation of veneering ceramic is responsible for the stress-induced martensitic diffusionless t/m phase transformation at the veneer-framework interface. 18 copings were divided into 6 groups: nontreated coping as the control group; airborne-particleeabraded coping; airborne-particle abraded and veneered coping; fractured coping; fractured and airborne-particle abraded coping; and fractured, airborneparticle abraded and veneered coping (n¼3) ( Table I ). The sintering of frameworks was performed according to the instructions of the manufacturers (CB, ZT, and Ze were sintered at 1350 C, 1450 C, and 1500 C, respectively, for 2 hours). The veneering surfaces of the frameworks, according to the instructions of the manufacturer (DeguDent), were abraded with abrasive 110-mm alumina particles at a pressure of 0.3 MPa and at a distance of 10 mm (CEMAT NT4; Wassermann); the same conditions (to avoid the influence of airborne-particle pressure) were applied for the other Y-TZP copings. After airborne-particle abrasion treatments, all the specimens were air cleaned at a pressure of 0. used for CB frameworks, Zirox (WielandþDental) was used for the ZT frameworks and VITA VM9 (Vita Zahnfabrik) was used for the Ze frameworks (Table II) . The CTEs of specimens used in this study were zirconia¼10.5Â10 . Five veneer layers were used for the preparation of each veneering ceramic. The coated framework was fired at the proper temperature according to the instructions of the manufacturers (Table III) . The firing processes were performed in a calibrated oven (Austromat M; Dekema). The powder of each veneer was mixed with the liquid provided by the manufacturers and was applied on the surface of the framework. This step was repeated after applying each veneer layer. The thicknesses of the frameworks and veneer layers were approximately 0.5 mm and 1 mm. A number of factors influence the martensitic stress-induced t/m phase transformation of Y-TZP ceramic, including the thickness of the veneer ceramic. [31] [32] [33] [34] [35] This aspect, however, was not the principal target of this exploratory study that focused on the evaluation of the Raman method for the investigation of this phase transformation at the veneer-framework interface.
MATERIAL AND METHODS
To determine the occurrence and extent of the t/m phase transformation that resulted from the temperature gradients at the veneer-framework interface, the specimens were loaded with a universal testing machine (Zwick). The load was applied with a flat device on the incisal edge parallel to the long axis of the crown. The force was applied at a crosshead speed of 1 mm/min until failure. To ensure a uniform force distribution, a 0.5-mm tin foil (Dentaurum) was placed between the incisal edge and the loading device. The universal testing machine was used to preserve the same conditions for the preparation of all specimens.
Phase transformation
A confocal Raman microscope (CRM 200; WITec GmbH) equipped with a helium-cadmium (HeCd) laser with a wavelength of 532 nm was used to detect the t/m phase transformation. The microscope was operated in the backscattering mode with is 920 nm. Raman spectra were acquired with a spectrometer equipped with a chargecoupled device. The size of the detector was 1024 Â 127 pixels (pixels per line Â pixels per column). A holographic grating of 900 grooves/mm was used to disperse the wave reflected from the specimens. The size of the pinhole was 100 mm.
Reference spectra were acquired on the sintered and the airborne-particlee abraded Y-TZP frameworks. An area of interest of 10 Â 10 mm at the veneerframework interface was selected. Images (20 lines per image and 20 points per line) were acquired with a 0.52 second integration time and a Â100 objective. The line scan (Â100 objective), which was perpendicular to the veneer-framework interface, was recorded on the selected area. The distance between the 2 measured points was 0.52 mm. The image sampling volume resolution was 0.25 mm 3 . The distance between the 2 measurements was 1 mm for fractured specimens and 2 mm for nonfractured specimens (n¼10). For the preparation of fractured specimens, the measurements were performed only at the site of the coping where no load was applied. The dependence of the phase transformation of the framework on the distance from the cross section at the veneer-framework interface was investigated in an area of interest of 20 Â 20 mm at the veneer-framework interface (which corresponded to an area where the phase transformation was found in the previous measurement). Images (Figs. 1, 2B ). The dependence of Raman peak intensities and positions on the treatments of the frameworks is shown in Figure 2 . No evidence was found for the presence of m peaks for nonfractured and fractured specimens ( Fig. 2 and Table V , spectra CB-1, CB-4, ZT-1, ZT-4, Ze-1, and Ze-4). For airborne-particleeabraded specimens (spectra CB-2, CB-5, ZT-2, ZT-5, Ze-2, and Ze-5), a broad peak was observed in the region of 170 to 190 cm -1 . The peaks at 320 and 464 cm -1 assigned to the t phase were broader than those of the nonabraded specimens, which can be attributed to the appearance of m peaks at 342 and 478 cm -1 . For the veneered specimens (spectra CB-3, CB-6, ZT-3, ZT-6, Ze-3, and increased for the specimens where the phase transformation occurred. The peak at 644 cm -1 was rather broad for all veneered specimens, because the c and m modifications of zirconia also have Raman active modes in this spectral domain (Table IV) . Detecting the c phase in these specimens is difficult because this phase has only 1 active Raman mode, F 2g at 616 cm -1 .
Minor peaks observed at 105, 352, 507, 566, and 582 cm -1 for all veneered specimens were assigned to the m phase (Fig. 2) . The m volume fraction (Vm) of all specimens is given in Table IV . The Raman measurements were performed on 10 different areas for each group. The highest t/m phase transformation at the veneerframework was observed for the specimens of groups 3 and 6 (Table V) 
DISCUSSION
The results indicate that, before the veneering procedure, the nonfractured and fractured surfaces of Y-TZP ceramics consisted only of the t phase. After airborne-particle abrasion, the stress-induced martensitic t/m phase transformation developed. The intensities of the Raman peaks assigned to the m phase increased at the veneer-framework interface in airborne-particle abraded specimens, and the broadening of the t phase peaks could be indexed as a strained structure. Finite element calculations by DeHoff et al 13 suggest that, within the first 5 minutes of the cooling process, the transient stresses are higher than the residual values. The researchers related the buildup of stress to negative or positive mismatch between the thermal expansion coefficients of the veneer and framework. Zhang et al 34 calculated the residual stresses at the veneer-core interface. According to these researchers, no stresses were detected for temperatures above the glass transition and temperature, and, therefore, the thermal residual stresses are generated during the cooling process. The minor extent of the t/m phase transformation observed in this study within the framework compared with the extent at the veneer-framework interface can be explained by the low concentration of stresses that are primarily responsible for this martensitic phase transformation. Swain 16 derived the effect of thermal diffusivity on the creation of stresses. The highest temperature during the cooling process is maintained in the center of the body due to low thermal diffusivity. The external surface has the lowest temperature. 16 The low thermal diffusivity of zirconia compared with the veneer material results in a high thermal gradient and leads to the buildup of residual stress at the veneer-zirconia interface 16 ; this buildup is ultimately responsible for the larger extent of the t/m transformation observed at the interface in this study. Tholey et al 23 explained the t/m phase transformation at the veneer-zirconia interface by the effect of the liquid required to produce veneering layers. Previous Raman studies did not reveal the presence of the phase transformation in the case of accelerated aging performed at a water-vapor pressure of 0.23 MPa and a temperature of 134 C for zirconia sintered at 1350 C. 37, 38 Higher intensities of m peaks at the veneerframework interface for Y-TZP sintered at 1350 C can better be explained by the build-up of residual stresses created during the veneering process than by the occurrence of liquid at the interface. The extent of the t/m phase transformation observed along the veneerframework interface in this study was not homogeneous, which resulted in a heterogeneous stress distribution at the veneer-zirconia interface. The observation of this transformation for the nonfractured veneered copings can be explained by the diffusion of the veneer into the surface of zirconia during the firing processes, which results in a high stress concentration at the veneer-framework interface. Durand et al 39, 40 confirms this suggestion. In the case of nonfractured veneered copings, the temperature gradient factor is excluded. Perhaps the inhomogeneous phase transformation observed in this study can be better explained by inhomogeneous stresses created during the diffusion of liquid veneer into the framework surface than by coefficient of thermal expansion and the temperature gradients. Durand et al 40 . The 2 phases can be distinguished by the different intensity ratios of these modes. For the m phase, this ratio (I 478 /I 629 ) is higher than for the t phase. It appears that Durand et al 40 did not observe the t/m phase transformation in the zirconia core, but the increase of the peak ratio at the veneer-core interface observed in their study suggests that the researchers produced a phase transformation at the interface and that the core actually stayed intact. The lower volume fraction of the m phase observed for the CB framework can be explained by the lower firing temperatures used for the preparation of the veneering ceramic, which resulted in a lower temperature gradient at the interface. In addition, a CB sintered at low temperature (1350 C) has a smaller grain size than Y-TZP ceramics sintered at higher temperature, which results in a less-stressed structure. 37, 38 The c phase of zirconia has only 1 active Raman mode, F 2g at 616 cm Future studies should concentrate on producing a veneer ceramic with a coefficient of thermal expansion closely matching that of zirconia to suppress the t/m phase transformation at the veneer-zirconia interface and improve the mechanical properties of ceramic dental restorations composed of a 2 Raman spectra of coping subjected to different treatments. Labels of individual spectra correspond to groups specified in Table I . A, Cercon base and Cercon ceramic kiss were used for preparation of copings. B, ZENO TEC and Zirox were used for preparation of copings. C, Zerion and VITA M9 were used for preparation of copings.
Y-TZP ceramic framework and a porcelain veneer.
CONCLUSIONS
A considerable extent of t/m phase transformation was observed at the veneer-framework interface. The extent of the phase transformation depended on the distance from the veneer-framework interface. The intensity of the m peaks in Raman spectra in the range 180 to 190 cm -1 decreased with increasing distance from this interface and was no longer observed at a distance greater than 20 mm. The extent of the t/m phase transformation along the veneer-framework interface was heterogeneous.
